PAC which contribute to this stimulatory effect have not been elucidated. Here, we demonstrate activation of porcine 6 γδ T-cells by PAC via up-regulation of CD25 (IL-2Rα) and show that 1) activation is dependent on degree of 7 polymerization (DP), with PAC fractions containing polymers with mean DP >6 significantly more effective than 8 fractions with mean DP <6, whilst flavan-3-ol monomers (the constituent monomeric units of PAC) did not induce 9 CD25 expression and 2) both procyanidin and prodelphinidin-type PAC are effective agonists. Furthermore, we show 10 that this effect of PAC is restricted to the γδ T-cell population within porcine peripheral mononuclear cells as 11 significant CD25 up-regulation was not observed in non γδ T-cells, and no activation (via CD80/86 up-regulation) was 12 evident in monocytes. Our results show that dietary PAC may contribute to enhancement of innate immunity in swine 13 via activation of γδ T-cells.
Introduction 1 2
There is currently intense interest in increasing the efficiency and output of modern livestock production, in order to 3 ensure food security for a rapidly growing population (Wu et al., 2014) . At the same time, consumer demand for 4 healthy animal produce and rising antibiotic resistance due to prophylactic inclusion in animal feed, means that 5 routine use of antimicrobial drugs to control pathogens and ensure high quality end products is unsustainable 6 (Marshall and Levy, 2011; Thornton, 2010 ). An alternative approach is to identify natural dietary compounds that 7 promote healthy and robust animal performance, through modulatory and/or stimulatory effects on the animal's 8 immune system. 9
10
The gastrointestinal (GI) tract is one of the most immunologically active tissues in the body, and is exposed to a variety 11 of bacterial and parasitic pathogens that can result in acute and chronic inflammation, diarrhoea and weight loss (Hale 12 et al., 1985; Nagy and Fekete, 2005) . Therefore, maintenance of healthy gut function is essential for robust 13 performance. The GI mucosa is home to a variety of innate immune system effectors including defensins, natural killer 14 cells and γδ T-cells (Bevins et al., 1999; Smith and Garrett, 2011) . γδ T-cells are increasingly recognised as crucial 15 players in responses to GI pathogens. A key distinguishing feature from αβ T-cells is that γδ T-cells are not clonal for a 16 specific antigen, and do not require antigens to be presented in the context of major histocompatibility complex 17 (MHC) molecules, but rather have the ability to recognise conserved pathogen pattern receptors such as 18 phosphoantigens (Gu et al., 2015) . In contrast to humans and mice, where γδ T-cells make up only a small proportion 19 of the peripheral lymphocyte population (Kalyan and Kabelitz, 2013) , mammalian livestock (particularly young 20 animals) have large numbers of circulating γδ T-cells -in some cases up to 50% of the lymphocyte pool, depending on 21 age -and this is true of both ruminants (Holderness et al., 2007; Tibe et al., 2012) and swine (Gerner et al., 2009) . 22
Despite this large population of γδ T-cells in livestock, how these cells function during GI infections is not fully 23 understood (Gerner et al., 2009 ). Therefore, much of our knowledge on the role of γδ T-cells in GI infections derives 24 from studies in mice, where it is known that they are able to secrete both pro-and anti-inflammatory cytokines, help 25 to recruit neutrophils and B-cells, and maintain homeostasis and repair of mucosal barriers (Witherden and Havran, 26 2013 ). Moreover, their importance has been demonstrated in a number of host-pathogen systems. Mice deficient in 27 γδ T-cell receptor expression have impaired immunity to the GI helminth Nippostrongylus brasiliensis, resulting in 28 higher parasite burdens as well as increased lesions and pathology in the intestine compared to wild-type mice 1 It has become apparent that in addition to activation by pathogen ligands, γδ T-cells may also be activated by non-7 pathogen related molecules such as bioactive dietary compounds. For example, proanthocyanidins (PAC) are a group 8 of plant secondary metabolites that are widely found in common plant sources such as berries, grapes and nuts. They 9 consist of polymers of flavan-3-ol monomers, and their structure can vary widely depending on the degree of 10 polymerization and the nature of the monomeric sub-units, most of which are either catechin and its cis isomer 11 epicatechin (which give rise to procyanidin-type PAC -PC) or gallocatechin and its cis-isomer epigallocatechin (which 12
give rise to prodelphinidin-type PAC -PD). The major difference between these groups is an extra hydroxyl group in 13 the B-ring of PD-type PAC (Figure 1 Landrace/Yorkshire/Duroc) into vacutainers containing sodium heparin. PBMCs were isolated on histopaque 1.077, 21
washed in PBS and then suspended in complete culture media (RPMI 1640 supplemented with 10% inactivated foetal 22 bovine serum, 2 mM L-glutamine, 100 U/mL of penicillin and 100 µg/mL of streptomycin). Viability of PBMC was 23 assessed by trypan blue staining and was routinely >98%. 24
25

Cell culture 26
For whole PBMC culture, cells were seeded in duplicate at 10 6 /mL in 48-well plates. Purified PAC fractions were 27 dissolved in PBS and added at concentrations of 20 or 10 μg/mL -preliminary experiments showed that higher 28 concentrations significantly reduced cell viability (data not shown). Con A (5 μg/mL) and PBS-stimulated cells were 1 included in all experiments as positive and negative controls, respectively. Cells were incubated for 48 hours at 37°C 2 and 5% CO 2 before being harvested for analysis. For monocyte culture, monocytes were purified (>90% purity) from 3 PBMC with anti-human CD14 microbeads (Auray et al., 2013) and magnetic separation (MACS, Miltenyl Biotech). 4
Purified monocytes were suspended in RPMI 1640 media supplemented with 10% inactivated foetal bovine serum, 1% 5 MEM non-essential amino acids, 10 mM HEPES, 50 μM β-mercaptoethanol, 100 U/mL of penicillin and 100 µg /mL of 6 streptomycin. The cells were rested for 24 hours, and then stimulated in duplicate for a further 24 hours with either 7 LPS (500 ng/mL) or PAC fractions at 20 or 10 μg/mL. For PBMC, four separate experiments were performed with cells 8 from different pigs. and for monocytes, three separate experiments were performed with cells from different pigs. 9
10
Flow cytometry 11
For PBMC, cells were harvested and stained with anti-porcine γδ TCR (Clone PGBL22A; Monoclonal Antibody Centre, 12
Washington State University, Pullman, USA) and anti-porcine CD25 (Clone K231.3B2; AbD serotec, Kidlington, UK). and are summarised briefly in Table 1 . Proanthocyanidins purified from HN consisted of around 80% PC units, whereas 5 those from BC were PD-rich, with more than 90% of the PAC consisting of PD units. For both plant sources, F1 6 contained lower molecular weight polymers with mDP < 6, and F2 contained high-molecular weight PAC with mDP >6. Figure 2C ). In addition, this 17 effect appeared to be largely confined to the γδ T-cell population; whilst there was an increase in the number of 18
CD25
+ cells in the non-γδ lymphocyte population after exposure to the F2 fraction, this was not statistically significant 19 ( Figure 2D) . 20 
21
We next tested whether the predominantly PD polymers purified from BC could also induce CD25 expression. Similar 22 to the results with the HN PAC, we found that incubation of γδ T-cells with the F2 BC fraction induced marked up-23 regulation of CD25 (P<0.05; Figure 3A) , although the effect tended to be less strong than that observed with HN PAC. 24
This effect was still present, but not significantly (P>0.05), with an equivalent concentration of the F1 fraction (Figure  25 3B). Thus, both PC and PD type PAC are able to induce CD25 up-regulation on porcine γδ T-cells, and the degree of 26 polymerization of the molecule appears to play a major role in the degree of activation. 27
28
As the activity of PAC seemed to be confined to γδ T-cells within the lymphocyte population, we investigated whether 1 other mononuclear cells such as monocytes could be activated by PAC or whether γδ T-cells were particularly 2 amenable to this effect. Monocytes were purified from PBMC and exposed to either the TLR agonist LPS, or the F2 3 fractions from HN and BC, and up-regulation of CD80/86 and TNF-α secretion was quantified. We detected a small, 4 but statistically significant up-regulation of CD80/86 in monocytes exposed to LPS. Moreover, LPS induced a marked 5 secretion of TNF-α, indicating a significant activation of the monocytes (P<0.01; Figure 4A,B) . In contrast, no increased 6 expression of CD80/86 or TNF-α secretion was induced by either of the PAC fractions ( Figure 4A, B) . Thus, within the 7 porcine mononuclear population, γδ T-cells appear to be specifically responsive to PAC. PAC, αβ T-cells were not, however in this study a proportion of human αβ T-cells were also responsive to PAC. Our 1 current results with porcine cells demonstrated that whilst some activation of αβ T-cells was evident, this was non-2 significant and clearly not as pronounced as the robust response of the γδ T-cell population. Thus, it appears whilst 3 there may be some conserved lymphocyte responses to PAC, the invariant nature of the γδ TCR seems to be uniquely 4 suited to ligation by PAC. 5 6 We also observed that the ability of PAC to induce CD25 expression was clearly dependent on the degree of 7 polymerization, whilst monomeric flavan-3-ols had no effect. This is consistent with a number of studies 8 demonstrating that the biological effects of PAC are related to polymer size. Our group and others have shown that in 9 vitro anti-parasitic effects are also enhanced by increasing degree of polymerization (Quijada et al., 2015; Williams et 10 al., 2014) . In addition, other immune-modulating effects of PAC, such as the phosphorylation of STAT1 in human 11
CD11b
+ cells, are instigated only by oligomeric PAC and not by monomeric sub-units such as catechin (Snyder et al., 12 2014) . It is also apparent that differences in biological activity of PAC can be related to the ratio of PC to PD within PAC 13 (Novobilský et al., 2013; Scalbert, 1991) . Increased biological activity is often associated with PAC molecules that have 14 a high percentage of PD, perhaps due to the increased possibility of hydrogen-bonding with proteins resulting from 15 the extra hydroxyl group in the B-rings. Our current data demonstrated that both PC and PD rich-PAC were able to 16 induce CD25 expression, though the PC-type PAC from HN appeared to be more potent. However, this difference 17 between HN and BC cannot be ascribed only to PC/PD ratio as mDP values were higher in the HN fractions (Table 1),  18 which makes direct comparisons problematic. Further studies using larger panels of well-defined PAC will be 19 necessary to determine the exact contribution of these monomeric subunits to the observed activity. For now, our 20 data indicate that both PC and PD-type PAC are capable of priming porcine γδ T-cells, and that the size of the PAC 21 molecule appears to be a critical factor in determining the potency of the effect. 
